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A B S T R A C T

We report  the unambiguous detection cjf individually resolved stars in t.hc

elliptical galaxy NGC 3379, a luminous ]I]cn]]bcr  of the I,CO I Group. ‘1’he  bright

end of the stellar luminosity ful]ctio]l has a logarithmic slope that is consistent

with these stars being Population II rcd  gia]lls.  An abrupt discontinuity in the

apparent luminosity function at 1 =- 26.29 :1- 0.09 Inag  is identified with the

tip of the first- ascent red giant branch (’J’IW1l).  Adopting lt41(rl’lWIl)  =-- –4.o

+ 0.1 mag gives a distance modulus of 30.29 + 0.28 mag corresponding to a

]incar distance to NGC 3379 of 11.4 4 1.3 Mpc. 7’}Ic ‘J’RGB distance compares

very well with the Ccpheid distant.c of 11.6 4 0.8 Mpc (30.32 + 0.16 mag) to

another group member M96 (L NGC 3368).  ‘1’hc distance to NGC 3379 can

bc used i]l turn to calibrate the zero poi]lts  of four otllcr  distance indicators:

surfwc brightness fluctuations, p]anctary Ilcbula  lulninosity  functions, globular

c]ustcr  lu)ninosity  fullctions  and  tl)c 1),, - a Jnct]]od.  We apply two apprcjachcs

to ]llcasuri]]g  the IIubblc  constant: (1) a sil]lplc  Virgocclltric  infall  lnodcl,  and

(2) stepping out from I,co I to tllc  Co)]la cluster using the previously xncasured

relative clistance  hctwccn tllc  two clusters. IIoth  tcclll]iqucs  give a value of

IIuhblc  cons t an t  cons i s t en t  wit]] }10 = 68:1 13 kill s- 1 Mpc.-l.

S’ubj”czt headings: galaxies: individual - galaxies: elliptical galaxies – galaxies: distances
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1. I n t r o d u c t i o n

‘1’here are several paths  LO a far--field esti]~mtion  of tllc  IIubble constant. IIowevcr

tllcsc paths are often complicated by a series of arguable, but necessary, assumptions,

where external checks and comparisons call be di~cult,  or impossible due to largely

non-overlapping data sets. On the othm harld,  various measures of the near-field distance

scale (largely made within the l,ocal  Group) are ill excclhlt agrccmcnt, having benefited

frmn nunlerous  recent intercomparisons  of distances to the nearest galaxies. Using both

}’opulation  I and l’opu]ation  11 distance-dctcr)  nillation  nlclhods  the local distal[ce  scale

appears to have converged at the +1 O – 20% ICVC1 (SCC Frccdrnan  & Madorc 1993, 1995;

IIuttcrcr,  Sassclov  & Scllccl]tm  1995).  Ccphcids  IIavc long bccll  tllc corncrstolic  of tllc

l’opu]ation  1 route; and R]t I,yraes have ]lIOIC  recently ,providcd  the best Population 11

counterpoint. But RR Lyme stars arc intrinsically fainter thall classical Ccphcids, making

tllcir application to galaxies significallt]y  bcyolld  tllc  I,oca.1 Group unlikc]y  ilj tile  foreseeable

fu’ture.

‘J)here are, however, l)opulation  11 stars bliglltcr  than the }Iorizontal  branch variables.

l]ldccd, the brightest red giallt  brallc}]  (R,GII) stars, idcn]tificd by their  first appea,rarlce  as

a discontinuity in the Lrigllt, CILd of tllc  lulllillosity  function  of tllc  first-ascent (1’opulatioll

11) lWII population has also becnl  shown  to lx extrelllely  stable in luminosity, wllilc

being some 40 tilncs briglltcr  tl)all  tllc lilt  l,yrac  stars. ]J1 the l–band, this ‘1’}~G]]

(“tip-of-tile-rcd-giant-branch’ )) niethod  as a distance i]ldicator  is only slightly sensitive to

lllctallicity  over a wide  range of ages and l]lctallicities applicab]c  to old galaxy populations

(SCC I,cc,  lhccdl,~an  & Madorw 1993).

‘1’IIc tip of tl]e first- asce]lt  rcd  gia]lt  l)ra]lcl)  ]Ilarks  tile  core  IIeliu]n flash of low-]nass

stars  wllicll evolved aloIlg tlie  red gia,llt brmlcl]  uj) to tlIc tip, at wl)ich point,  tile lul]li  I1osity

ful]ctioll  abruptlv  tcrl]li  Ilates, I I I  1 -  baIId.  tllc  ‘1’1{(:1]  ]esolvcs  at A41 w - 4 l]lae..  ‘1’his
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discontinuity has been shown to be an cxcellcllt  distance i)ldicator,  since the bolometric

lulninosity  of the ‘1’1M311 varies  only by NO. ] lllag  for ages ranging from 2 up to 15 Gyr

(cf. ]ben & Renzini 1983), and  Inctallicities  ill tl]c  range represclltcd  by Galactic globular

clusters (–2,1 < [F’e/11] < --0,7). ‘J’hcoretically  prcdictcxl  and  now empirically tested and

confirmed, the ‘1’RGIJ is an outstanding distmlcc indicator. l“urthcrmore,  it is applicable to

all I]lorphological  types of galaxies. Since tllcy  rcprcse])t the wolvccl  component of older

generations of stars in galaxies, “1’IWII stars are ]Iatural]y  found  ill elliptical galaxies, spiral

disks and halos, as well as in irregular galaxies.

An agreement between the distances derived froln  tllc  Cepheid PI, relation and ‘1’lWII

method is remarkable. Distances to about a dozcll  galaxies have now been mea.surcd  by

two mct}lods  and they agree with  each other  within 0.1 mag (I,ce,  Freedman & Ma(lore

1993, Sakai, Madorc  & ~rccdman  1996). It is inlportant  to note the significance of

t]kc ‘1’RGR method as a pure application of a l’o])ulation  11 distaJlce  indicator. Scvmal

scccnlda,ry  - distance indicators w]lic]l ellab]c  us LO illvcstigatc  t}lc [Icllsity  al:d velocity fic](ls

at coslllologically  - significant dista]lcm , illcludirl~  surfac.c Lrightncss  fluctuations, p]anctary

]]cbula  ]uminosity  functions, g]obu]ar  c]uslm ]unlillosity  fullc.tions,  and the ~)n - u relatio~l,

all strongly depend on the old 10/S0 galaxy ])opulatiwls. Since Ccphcid variables are not

found ill these systelns,  and bccausc of tl]c lack of elliptical systems wit}lill  or cve~l  near to

tllc  l,ocal  Group, the abso]ute  calibratiorl  of suc]l  l’op  11 Illctllods  has either had to rely

on the distance to a single galaxy  (e.g.  tl]c l)ulgc of M31 ), or Ceplleid  (Pop 1) distallces

to spiral galaxies in the sallle  group or cluster. ‘J’l)e ‘1’IWII  IIlctllod  could h used as an

altavlativc  calibrator. Sillcc this lncthod  is calibrated Ly RR ljyrac distances to Galactic,

globular clusters, it dots IIot provide a direct distwlce to tile target galaxy. 111 this sense,

tllc  ‘J’IWII nwthod is very silllilar  to tllc  surface brigl)hless  flue.tuatiou nlcthod.  ]lowcvcr,

it is sigllific.allt  that  wc arc illdccd  directly IIlcasurillg  tl)c lllagJ)itudcs  of ~IId~vi&u~l  s tars .

111 that seIIsL:,  tllc ‘1’IWII  )Jlctl]od  rcscllll)lcs  tl)(! Ccp}lcid lllctllod,  and  IIas a potclitial  zs a
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l’opulation  1 I calibrator.

LJsing colnpukr  simulations, MadoIc & lkwd]llan  (1995) have investigated the distance

out to whic]l tl]e  ‘1’lWI1 method is applicable ‘1’lIcy  conclude that  from the ground under

optimal conditicms  of seeing, MC method could he used for galaxies out to at least 3 Mpc

and that distances up to ~ 13 Mpc can bc achieved with the 1/S7’,  IIistances  slightly

in excess of 1 Mpc have already been ~nea.surcd  from the ground using tile  TRGII under

nlodcrate  (1.3 arcsec) seeing conditions (e.g., Sakai,  Madore & IOwednlall 1996). We report

here the first space based  application of this ]Ilethod  to an elliptical galaxy, NGC 3379 in

the J,co I Group. This constitutes the most distant application of the !I’RGD method to

date, and its first application to a giant elliptical galaxy.

lJsing data obtaillcd  with the lIubblcSIJacc7’clescoIJc(llS7’),  wc present  in the next

scctioll  observation.s a]ld data reduction proc.mlurcs, followed by the applicatioll  of tile

q’lLGI] nlethod  to the 1- Lancl  lulllinosity  function for stars in the halo of NGC 3379. Wc

c.o]lc]udc  by presenting SOI1l C ilIlplicatiol~s  for tllc value of IIuhblc  constant.

2.

A primary goal of tl]t

Observations and  Data Rccludion

11S7’ obscrvatio)]s  was to s tudy tllc  1- Land  }VGl] lul]li])osity

ful]ctioll  down to dcptl]s  CIOSC to tile  ‘J’ollry  & Schncidcr  (1988) l--ba1ld  f l u c t u a t i o n

lnagnitudc,  ‘i141  D - 1.5, wllicll  for a distance to NGC 3379 of 10.6 Mpc, coI-rcspoIlds to

~f~l N 28.6. Rcsolvillg  sucli  stars required the target  field to be in the cxtrmne  outer  envelope

of NGC 3379.  I)c Vauc.ouleurs  & Capaccio]i  (1 979) prescl}tcd  a 11-- band pllotolllctric  t race

of NGC 3379 rullnillg  along tllc  cast-west vcc.tor cuttillg  t]lrough  the ccllter of tllc  galaxy.

‘1’lle tra,cc goes out to cxtrclllcly lar.gc al]gular distant.cs froln the ccntcr of NGC 3379,

and t]lus  to extrenlc]y  Faint surface bright]lms  ]cvels (see also Capaccioli  c1 al. 1990).  Wc

sclcc.tcd t}]e poilltil]g  to he 6 arclnillutcs  west ,  of tllc  II Ud~US at (YZOW ~ 10” 47’” 4!3: 4 wl(l
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6z~ =12° 34’ 57!’1, which is an empty field cm the

A deep l–band  CCD image of the field (Figure 2),

POSS-I print of the area (Figure 1).

however, co]lfirms  the photometry of

de Vaucouleurs  & Capaccioli (1979) in a qualitative sense by  showing  the envelope of the

galaxy to extend at least out to this area. At this locatioxl,  de Vaucoulcurs  & Capaccio]i

(1 979) find the galaxy surface brightness to bc pB R 27,1, which corresponds to typical

galaxy brightness of ml w 30.9, pcr WIW pixel, assulning  V – 1 :: 1.2. At t})is surface

brightness there are N J 2 “fluctuation stars” pcr square arcscc, thus giving  cxccllellt

resolution for exploring IAc brighter tip of the luminosity function. III passillg,  we note that

we selected a west rather thatl  east field as dc Vaucouleurs  & Capaccioli (1979) snowed  that

NCC 3384 overlaps significantly with  NGC 3379 at large distances east of the NGC 3379

ccl It er.

The observations

Camera-2 (WFPC2).

of NGC 3379 were made in May 1994, using the Wide l“icld/1’lanetary

‘1’llirty-  two 900s exposures were taken in the 1“814W filter, yielding

a total exposure tiInc of 8 l]ours. Al) attmllpt  was made to ditl~cr  the poil~ti]~g  in a 2 x 2

grid  of 0,5 WIJC  pixel spacillgs  to obtain  Letter sl)atial  rcsolutioll,  thus the full exposure

scqucl)cc  consists of 4 sets of 8 exposures taken]  ill sequence. U1lfortullatcly,  this was onc

of tile car]icst  attcII]pts  at dit}]cri]lg  m]cl  a.ftcr ca.c.11  set of 8 exposures, tl)c  )1S7’ guiding

was reset, resulting  iIl pointing  cliffcrwlc.m of a fcw pixels ratllcr  tl]al~  tl)c prcc.ise ]Ialf-steps

desired. As it lIappcI]ed,  howmm-,  tllc  fractio~lal  portion of tllc pixel s}lifts did fall close

to tllrcc of the four desired sub.tcps,  thus tllc  full set still contains  sigllifica]]tly  lllore

il]forlllatioll  tharl  32 idelltical  pointil)gs  wou]d,  even if t]lc  satllplillg  is not as desired. A

portiol]  of tile  WJ”4 field, for wl]iclt  w) atteln])t  at buildilig  tllc substcppcx]  illlage  has  bccJl

lJladC, is Sllowll ill l’igure 3. ‘] ’])c! cI]vc]opc  of N(IC 3379 ~iass  c.]carly bc!cl~ rc!solvc!d  into its

Jl!d giaJlt StalS.

‘1’I)c data quality files, provided by the 11S’1’ data- proccxsillg  pipeline, and vig]letting
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]msks were used to mark bad pixels on the iJnagcs. ‘1’0 deal  with the problem of the

gcollletric  distortion of the WI(’PC2  optics, wc used the pixel area Il]ap pmvidcd  by

IIoltz]nan to restore the integrity of tile flux ]llmsurcIncIAs. once t)le galaxy iInages

were processed through these steps, all 32 fraJIlcs  were conlbined  using an IRAF routine

“illlCOIIlbiIIC’)  With (he & C]i~~kLg  O~tiOn tO I@l]lov(! OhiOUS COSlniC JYtyS,

‘J’hc stc]]ar photometry was then carried out using the packages I) AOI’110’I’ and

AI, I,S’I’AR (Stetson 1987). These programs usc autolnatic  star finding algorithms atld  then

measure stellar magnitudes by  fitting a point-spread function  (PSI”), constructed from

other uncrowded images (Stetson 1994). We tested for a possible variation in the luminosity

functio]l  as a function  of t}]e position on each chip by examilling  the lumil]osity  functions for

inner and outer lialf  of the fralnes.  For each chip, wc obtain essentially tlic  same luminosity

~ functiol~,  confirlning  that there is no systematic offsets in ~]leassurcd  J’Sl’ Inagrlituclcs.

‘1’hc I“814W-filter  PSI” rnagnitudcs  were tramforlncd to Cousins 1 and corrected to l–see

exposure tirlle, followiug  tile calibration presc.ril~tiolls  given  by lloltz~nau  et al. (1995). q’llc

transforl]lation  equation is:

(1)

wl]crc  C equals 1.916 mag for WI~’2, 1.913 for W1~3,  and  1.942 mag for WI”4, Since wc

oII]y ]Iave ~- band observat ions of  N3379,  110 c.o]or inforI1latioJl 011 the stars is avai]ab]e.

1 lowevcr, tl)c color term ill t,llc  calibration is s]nal],  exprmscd  as:

0.0G3(V - 1) -- 0.025(V -- 1)2 (2)

‘J’l]c]l  tllc color  c,orrcctioxl  would  alnourlt  to approxi]]late]y  0 . 0 4  lnag at lnost ( 2 %  ill

distance) Cvcul for (V -- 1) of 2, tl)c color of a very I-cd giant  I)raI]cll. We note t}lat t]lc

illtcgratcd  colcn of the celltra,l portion of this galaxy is ( V -. 1) = 1.2 ma.g (1’onry c1 al,

1 990). IIowcvcr,  our data presented  iI~ tl]is  papci  is 6 arc.lllill  away frolll tile rluclcus.  ‘1’llus,

t]Je color ill t]]is part of t]lc }Ia]o is ulIk[Lown,
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3. ‘J’}Ic Luminosity Ihnction

Usiug  l) AOPIIO’1’,  wc  have  found  N13,000  objczts o]) each  chip. III order to

discrilnil]atc  no]l-stcl]ar  objects, such as background galaxies, wc use the Xz value  which is

one of the standard  fitting parameters rcportml by AI,  I, STAR, giving the goodtless  of fit of

1’S1” to the object.  profile itself. I,imiting the datalmsc  to objects with X2 <1.6 (effectively

sclcc.ti]lg the IJIOSt likely  stellar candidates), wc rcducxxl  t}lc nulllbcr  of objects down to

W1 500 per chip. ‘] ’]lis is ratllcr  a coliscrvativc  selection of objects. We have also checked

the brig}ltcst  stars (1 ~ 27.0 mag) visually OJ] each  c}lip to rnakc sure that they were not

cxmtalllinated  by background galaxies.

Although no color information is available, the forlll and slope of the observed l-- band

luminosity function for star-like objects in t})c NGC 3379 frames, ass shown i]) Figure  3,

prcsellt  compcllillg evidence that what wc arc scciltg  is illdccd  the first--ascent red giant

Lra.llcll, ‘1’llc abrupt, tur:l-oll  of the lunlil)osity  futlctioll  is p7ir(La  facia  cvidcl~cc  t.llat we have

resolved l’opu]atiou  II stars. Top panels in l~i~,ul e 3 shows the l--balicl  lutl~inosity  furlction

for t}lc stellar data fomld  011 all c)]ips. We llavc only  iIlcludml  tl!osc  stars with p}]otolnetric

errors less than 0.20 mag in this analysis. ‘1’l]c rapid rise ill the ]lutnbers  of stars at 1 w ’26

JIla.g sl]ows  un~]listakably  tllc ‘1’RGII. IJollowiljg  this, tllcrc is a shallower but still Illonotonic

rise ill t]lc couIlts  up to ] N 27.2 mag at w])ic}l ]joil]t  illcolll})]ctclicws  duc to p]lotorl  statistics

takes over and truncates  the data (SCC bottolll  ])aTlel ill l“igure  3).

‘]’]lc  ]Iulllbcrs  of stars at a particular ]ocat,iorl  irl WI ohscrvcd  c.o]or-~~lagllitudc  d iagram

is silllply  proportional to the allloullt of ti]l]c  stars spalds  ill that stage of cvolutioll.  ‘J’llus,

tllc  observed ratio of numbers of extc~ldcd,  illterlllediatc- agc asylllptotic  giant bral[cll

(AC;]])  staJs to first  red gial]t  branc),  (] LG]]) stars CWJI k c.o]]lparcd wit]]  t]le predicted rat io

of lifcti  Ilms ill tllc two p]lascs  so as to place quwltitative  lil~lits  011 t}le fraction  of 4-5 Gyr

AGII s t a r s  i]) jlcw-~~y  rcso]vcd  ga]axics  (c,g., hlould,  ]{ristiall  aJJd  ])a Costa 1983; ]~rcwdllla]]
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1989).

Stars of ages 4-5 Cyr will extend apprwxiIIlately  1 lmlmnetric  Inagl]itudc  above the

‘1’ltGll (e.g., Mould  and Da Costa 1988). q’l)c~  cx+tilnatccl  lifctilnc for stars i]l this p}lase

is about  106 years (Iben  1988). 111 the one-magnitude interval just below  the TRGD, the

lifetimes arc estimated to lie irl the range  of 3-fJ x 106 years (Swcigart and Gross 19’78),

IIcncc,  for an inter-mediate age population the ]jredictcd  ratio of extended AGH to RG13

stars ranges  from 0.2-0.3.

There are 76 and 1867 stars Iocatcd one rllagllitudc  above  and  below  t}le  TRGD,

rcspcctivcly.  Allowing for the prescncc  of a ’20% coxnponcwt  of fainter AGII stars ill the

lllagnitude  bin  below the TRG13 (lAW 1977; Mould,  Kristian & l)a Costa 1983) results in

a dcrivm]  ratio of 0.05. This is a Factor of 4-6 tillws s]nallm than that predicted above for

a population of 4-5 Gyr AGII stars. IICHCC, tile frac.tioll of stars whic]l can belong to a

younger  AGII population is limited to about 20%.

l“rolll  previous work (SCC  I,cw, Frccdlllali  &. Madcuw  1993; Maclorc & Freedman  1995

a]lcl  rcfcrcmc.cs  therein), we expect to detect stars achieving tl]c peak lutllil~osity  along

tllc  first- ascent rcd  giant  branch at an absolute 1- Land  ]llagl~itude  of -4.0 rllag, It l)a.s

bcc]l dell]  oustratcd empirically, and  t))erc  is a tllcorc!tica]  basis for expecting t]lat ill t]l(~

specific wavelength range defined  by t)lc l--hzuld  filter (N8000  ~), the absolute nmgnitudc

of lhe ‘1’IWI1 is quite illscnsitivc to ag;e and IIlctallic.ity.  Residual lnctallicity  effects 01] the

absolute lllagllitude  nave bcc~l calibrated over t.l]e lllctallicity  range of Galactic globular

c.lusters (J,ee, lhccdrllall & Madorc  1993) ,  lllakillg  tllc  1- ba)id  IIlagllitudc  of t}]e 7’IU311 a

stable alld lulllillous  Population 11 extra.galactic. dist,  a.r]cc illdicator. Outside tllc  calihratioli

rwlge, l]owevcr,  tlie  hig}]er  n]etal]icity  lllay  affect tllc Ills.gylitudc of t]lc ‘J’ItGIl collsidcrab]ly.

.
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I)UI to line--blanketing effects, t}]c ‘1’}{,GII I[la.gr[ituclc  is kllowll to becolnc  fainter at higher

ll)ctalliciticx.  ~’hc photonlctric,  studies of tile  hig]l-  II]etallicity  Galactic globular clusters

see]]]  to indicate such be]lavior  ill t])e (V -- ]) color  nla.gllitudc  dia.grallls.  ‘1’here ]Jas bcc]l 110

solid calibration of the TRGII magllitude  for ]rlctallic.itics  [1~’c/11] > --0.7. We will discuss

tl]e  impact of t}lis issue in particular with resl~ect to NGC 3379 il] later sections.

We use both a kernel- smoot]lcd  linear lulllillosity  distribution a]ld the logarithmic

lulllillosity  function to dcterlninc  the lunli]losity  of tile ‘J’ltCl].  When the adopted

edge detection filter is applied to a distribution havillg  a sudden discontinuity o~l the

Lrigllt  side leading to a constant-s]opc  distribution 011 the fdint  side (such M the one

soug]lt  here), the filter output will SI]OW a significant  positive respome at the discontinuity

followed by a p]atcau at the ncw slope (see Figure  1 in Madore & F’recdman  1995). Iri

Sakai,  Madore & Freedman (1996), wc introduced a kernc]-  slnootllcd  luminosity functio]l

(but l,ot  logaritll~nic)  filtered by a Illodificd  Sobc] kcrllcl;  here, wc apply t}lc identical

e d g e  dctcctioll  filter to the log.mitlil~lic.  lulnillosit.y  distribu!,iou  as well to detcrmillc  LIIC

l~lagylitudc of the ‘1’RGII. ‘3’he logaritlllnic  lull)il]osit,y fmlctio~l is preferred because of its

c])aractcristic  slope of 0.6 lnag/dcx  for t]lc J{. GII po]}ula,tioli  w]lic]l  sllou]d  bc InoIc casi]y

dvtcctcxl  by tllc edge-detectioll filter. 111 addition, wc a]}ply a wcigI]tillg  sc}lemc to tllc

filiercd  rcspollsc  fullctioll. ‘1’he cxlgc dctcc.tioll  filter cssclltially lllcasurcs  tllc  s lope,  and

t]lus it is cxtrelnely  sensitive to lloisc; dily suddc]]  clIaIIge  ill sigllal  i s  alnplificd  by tllc

filtcril}g schcnlc. If the lulninosity  functiol)  is expressed by @(l),  tl]e  rcspollse functio]l  at

1 is derived via 1~(1) L log d)(l -{ 0) - log d)(l - u) wllcre  u is a typical error for stars of

lllagllitudc  1 (see Appclldix  of Sakai,  Madorc & 1~’rccdl]lal~  1996 for details), l}ac}l  L’(l) is

wciglltcd  by a square root of O(l). ‘1’]ic wciglltillg  Scllclllc was Usc(l  in order to suppress

l])osc JYS])O1lS(!S t]lat  are s t a t i s t i ca l ly  Ilo]lsigllificallt  duc to l)oisy data.  ]11 l“igurc  4, tllc

sllloot]lcd  J- -band  ]ulllillosity  ful]c.tiolls  a]ld t]lc col-rcspolldi~lg rcspollsc fullctiol]s  froln

tile  c(lgc dctcctioll  fi]tcrillg  arc plotted.  ]l)s})ectiIl~; bot411 rcspollsc  fullctiolls,  wc rc])ort  aIl
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unambiguous detection of tlic  ‘1’IWII at 1 : 26.314-0.05 msg.  ‘1’lw WF4 field is least

conta.]~linatcd  by background galaxies and its stellar population is tlm dominant source of

signal  in tile co]nbincd  response functiol],

IIowcver, note also that there is a substalltia]  signal  at 2 =- 25.9 mag ill the logarith]nic.

rcprcscntation  of the data, Could this hc the 7’1{{;11? ‘J’his  appears unlikely because, as

shown below,  this peak is not a robust feature. We studied the reliability of each signal by

calculating the error in each bin in the response function histogram. If the it}l lllagrlituclc

bin IIas jVi courlts,  its ]’oisson error is sillq}ly  <Ni. For each luminosity function bin, we

perturbed its nurnbcr  randomly following a Gaussian distribution whose dispersion was  set

to {Nj. For cacll iteration of rarldolnly  displaced luminosity function, wc re- applied the

edge- detection filter and ]neasured  the rcspo~lse function. AIl average response h istogranl

of all 500 iterations is plottml  ili l“igure  5, ‘J’lle  1 u errors for each bin  arc also shown. It is

clear that all the ‘signals’ below 1 =. 26.0 mag are very likely due to noise, while the T]{.(2II

signal rcmaills stable.

~’aking into account the Galactic extinction c.orrcction  along  tl~c Iillc of sig}lt  to

NGC 3379,  whic]l aInouIIts  to oji]y 0.02 I]iag (Jlurstcirl  & ]Icilcs  1978) ill tllc l--band,

wc ztdopt 10 = ~ 26 .29  lnag for tllc ‘1’ltGll. IL is ~ssulncxl  that tllc!  irltcrnal rcddcllillg  ill

N(;C 3379 is ]lcg]igiblc  as t]]c t,arget  field is placed 6 a.rc.lni]l  away frol]]  t]]c r]uc]cus,

al]d WC apply lLo corrcc.tiol~ IIcrc. ‘1’hc ‘1’IWII distance ]llodulus  is derived via a lclatio])

(tn - J4)7MI~J  =- lY]{(;};  -{ IIC1 - -  L4*01:I]{(;};  wl,erc llC} i s  t h e  LoloI,,ctric  corrcctio,,

t o  t]lc ~ lllagllitude  aIId kfbO/,~,)~~;}j  is t]lc! bO]OlllCtljC Jnagnitudc  of  the ‘l’]{.G]] s t a r s

(I,cw f!.? al. ] 9 9 3 ) .  )]~~] a,]d MbO/,~),~~] arc! cxprc!sscd in tcrllls o f  llleta]]icity  ziIId co]or:

1)(YI L- 0 .881  - -  0.243(V  - J)Y1{C;B and  ~4bOl,Y]i<;ij  L. - 0.19[Fc/11]  - -3 .81 .  WC! IllUSt thCll

address what tlIc II)cta]licity  of tllc ‘J’IW13  lIalo stars is for NCC 3379. ‘J’IIc iI]tqyatd

color  of  this  galaxy is rcJJortcxl  to be (V - 1) : 1.2 (rl’ollry c1 al. 1990); but ullfortul]atcly,



- ] 3 .

no published ground--ba.w!d  surface photometry rcachcs deep elloug]l  to determine the

color  at the posi t ion of  tl]c  WFPC2 field,  6 arclnin  frolu  t})e J] UClCLJS, ]Iowever,  there are

several studies which indicate that the lia.lo  of NGC 3379 is blue cmougll to apply the

‘1’lLGI 1 calibration of Galactic globular clusters, SodcmaJl & ‘] ’homsen (1994) presented

a deep ]--band profile of this galaxy to large radius. ‘1’hey reported a color gI adient in

(11 - 1) out to 100” ,where it fell to (11 -- 1) = 1 .97+ 0,10 Illag  froll] the ccmtral  value of

(11 - 1) =- 2 ,14 msg. ‘1’l]ey obtained tile gradiellt  of z3(IJ  - 1)/A logr =. - 0 . 1 5 3 : 0 . 0 2

]Ilag, suggesting that tl]e  color of tllc NGC 3379 halo is already getti]]g rmsollaLly

b]LJc at r L 100”. Davies, Sadler & Pe]etier  (1 993) measured ]% and Mg line--strength

gradients  for 13 elliptical galaxies out to effective radius, a]ld sllowcd  that tile  ellvelopc

bcc.o]~]es ]rlctal  poorer as a function of the radius. ‘1’he work by l)avidgc  & Cla,rk (1994)

also suggested a tendency for metallic absorption features to weaken wit}l  increasing

radius. IIotll  of these studies support an elliptical galaxy halo that is Illcta.1  poorer, and

that tllc  color gradient  Inay  indeed LJc indicative of the IIlctal]icity  gra.dicllt.  Using tile

photol]lctry  results of Sodclllan  & ‘1’hoIJIscn,  at r = 360” wllcrc  the WFI)C2  obsmvatiolls

w e r e  JIladc,  tile color rea.cllcs (11 - 1) = 1.89 :{ 0.15 lIIa.g. Substituting this val LJc into

a relation [1’’c/ll]  = 2.67(11  - 1) --- 5.73 dcrivcxl  frolll Couture ct a/. (1990),  we obtain

[1’’(:/)1] = - 0 . 6 8 4 0 . 1 6  dex. ‘1’his  is oxlly Il~argillally outside tile solid calibrat,ioli  of tllc

‘J’lLGII. ‘J’l~c  origi]~a.1 calibratio]l  of t}]c ‘J’ILGII  Inct]lod  by l,ce  c1 al. (1 993) app]ics  s tr ict ly

o]l]y to tllc  lnetallicity  ra]]gc  of --2.2< [1’’c/ll]  <- 0.7.

Givcll  tl]c understanding that, the ]nctallic.ity  of NGC 3379 l}ZLIO is slig}ltly outside

t h e !  ~;a]actic g]obu]ar  cluster Illcta]licity ca]ibratioll  range, wc proccc!d to dctc!rlninc  the

al)so]ut,c ]Ilagl)itude  of tllc ‘llltGIJ  for NGC 3379 followiilg  I,CC ci al. (1993), and carry the

ullccrtaillty  ill tllc l]lcta,llicity  calibratioll  ill our total error budget ,  discussed ill Scctioll

8 b e l o w .  Wc ol)ta.ill  f14~ L - 4 . 0 3  0 . 1 4  JIlag. ‘J’llus,  the ‘llI{GI1 distwlce  Illoclulus fo r

NGC 3379 is 30.294 0.28 iIIag.  ‘1’llis  corres})oJIds to a li]lcar  distwlcc  of 11.4 :1 1.3 Mpc.
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‘1’llcre are, however, potential systematic errors that nmxl to be accounted for as well, I’he

uncm-tai]lties  ill  the measured ‘1’RGI1 distance will be discussed in details in Section 8.

5. Comparison with I’rcviously-Published Distances

Within the last 6 years, three new and relatively independent determinations of the

distance to NGC 3379 have been published. Ciardullo  c1 al. (1989) have used the planetary

nebula ]uminosity  function method to estimate a distance of 10.0 Mpc (pO == 30.01 nmg).

‘J’onry (1993) have estimated the distance to NGC 3379 using the surface brightness

fluctuation (SIIF)  method, and tllcy derive 9.4 Mpc (pO == 29.87 mag). Finally, Pahre

and Mould  (] 995) have also  used the SBF IIlct]lod,  but applying it in the near infrared

K-band rather than in the optical; they obtain a distance of 11.1 Mpc (pO = 30.22 rnag).

All of these previous determinations rely on a zero point calibration based on the Cephcid

determination to M31, (and, in some cases, tllc  c.o]llpallions  to M31).  Our ‘1’RGII  distaltce

agree with the Sill’ and I) NI,F’ results wit]li]l  3a, wllic}l  is cncouragirlg.  In section 8 ill

wllicll we discuss tile error budget,,  wc will S}]OW  that  systematic errors would put tllc

distance prcsc)lted  IIerc as the upper lilnit.

6. T h e  Imo I ~;roup

‘1’IIc  J,co 1 Group (= M96 Group =-- G 1‘2 according to dc Vauc.ouleurs  1975), consists of

five dominant galaxies: NGC 3368 [M96; SAll(rs)ab],  NCC 3351 [M95; Sl](r)b],  NGC 3384

[S11(S)0], NGC 3377 [1;5/6]  and  NGC 3379 itself [MI05;  it]]. ‘1’wo of its spiral members

NGC 3368 and NGC 3351 IIave been tl]e focus of initiatives to measure tllcir distances

usil]g Ccpllcids  d i scovered  Ly 11S7’ (rJ’allvir  c1 al. 1995; Grahaln cl al. 1996) respcctive]y.

At this  time, only tllc  data for NGC 3368 (: M96)  IIavc bcc!I]  pub]ishccl  and t]lcy  give a
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truc distallcc  modulus of 30.3240.16 Inag  which corresponds to a linear distance of 11.6

+ 0.8 Mpc. The close  agrcmncnt  of the Cepheid  distance to N(3C 3368 and the ‘1’l{,GJI

distallcc to NGC 3379 is cucouraging,  and provides some support for the colnpact IIature of

the M96/J,eo  Group and the p})ysical  association of the spiral galaxy N(2C  3368 with the

dominant clliptica]s  in the group,

7. The IIubb]c C o n s t a n t

A search of the NED database reveals 15 galaxies, within a radius of 5 degrees of M96

and having publis}led  radial velocities ICSS  than 1,200 km s-l. Tlicir  mc!an velocity ill the

rcfercncc  frame of the I,ocal  Group (corrcctcd  using V1,G =- VI1,l + 300 sin 1 cos b) is -{ 715

kln S-‘ . Within the group, those 15 galaxies l)a.vc  a. velocity dispersion of +178 kln s--],

giving an uncertainty on the lllean  rcdshift  of 446 kll) s-l.

111 t}lc following scc.tiolls, we cstill)atc  tllc  IIubb]c  collstarLt via two separate routes.

First, wc give a simple cst.illlatc  of }10 correc.ti]lg  the Ixm I velocity field for Virgc~cc]ltric

illfa]]. Wc then proceed to cstilllatc  )10 based  OJ1 :1 calibration of secondary Incthods  lmxscd

on our ‘1’RGI1  dist,ancc  to NGC 3379.

7.1. Virgoccntric lnf:d] Model

We now procccd to cvaluat,e  tl]c local cxpallsioli  rate usiIlg tlIc  Illost  dirmt (alt,l)c)ug}l

still  ovcr]y  simp]ificd)  approach iIl wllicl]  tllc SIIIOOI,}I, u]lpcrturbcd  cxpansioll  veloci ty of

NGC 3379 is dctcrlnincd  by considcriI]g  a sil@c pcrturlmtion  flow IIIodcl iIJvolvi]]g  oIIly

tile Virgo cluster .  UsiI1.g si]]lple gco]Ilct,ry (lJigul c 4), tl]c Virgocc]]tric iIlfall of tllc  Imo I

gJOUp can bc csti]nated  by sc.ali]]g  the alnplitudc  of Lllc I,oc.zd Group infiall  vc]ocity  i]lto

t]le Virgo c]ustcr.  ]~or illsta,llcc, Mould  cf cl. (1 {J!lb) q u o t e  3 3 ]  :1 41 kI]l S-1  fo r  t]ic l,oc.al
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Group  infal] velocity toward Virgo, Wc adopt that value here and take the distance to the

Virgo cluster from the l,ocal  Group to be 16.1 + 3.2 Mpc (1’’erraresc  et al. 1996); the large

ullcertaht,y here is adopted to reflect the complex geometry of the Virgo cluster. I\y simple

trigonometry, and using linear perturbation theory with an assumption that the density

profile of the Virgo cluster varies as r-z, wc fil[d that the infdl velocity of IXO 1 Group

towards Virgo is 7073:88 krl”l s- 1. A rough  skctcll  of the velocity field is shown in the right

pane] of Figure 6, The radial comJ>onent  of I,co’s infdl along the line of sig}]t from t.hc

lmcal  Group to I,eo 1 is then +326 + 37 km s- 1. III addition to this, there is of necessity

a component of the I,ocal  Group infall  into Virgo projected along the line of sight to I,eo.

~’his component is -301 ~ 37 km S-l. We note in passing that these two terms are almost

equal in magnitude but opposite in sign,  therefore largely canceling each other in the fins]

dctcrrnination of the pure expansion velocity of ],co. kmoving  the infal] components frolll

the observed recession velocity, the unperturbed expansion velocity of the l,eo  I Group in

this mode] is then + 715 – 315 -I 301 = +704 4 70 km s-l. ‘]’hc ]Iubblc constant derived

directly from the velocity field at the 11.4 MJX distallce  of t}le  l,CO I Group is 62 + 6 k~ll

s– 1 Mpc-l.  A full non-linear perturbation arlalysis  illcludi]lg  the correlated nature of t}lc

errors suggests a l)lorc robust solutioxl  with  a llJcall  value  and  error of 67 4 14 kln s- 1,

‘J’hc foregoing c.alculatiolls  all assume t}la.t there arc no additiollal  pcrturljatiolls

to the l,ocal  flow Inodcl  outside of the Virgo illfall,  a.]ld that there arc 110 transvcmw

peculiar ]notions  of citllcr the I,cw or the l,ocal  Group, Moving to larger rcdsllift-distallc.es

would alleviate the effects of additicma]  randcnll  ulotions  which are not easily ]ncasured

indcJxmdently.  We can now proceed to cstilnatc t]lc ]]ubb]c  constant usillg  the secondary

distance indicators.

7 .2 .  Ca l ib ra t ion  o f  Secondary  ]Iistance  I n d i c a t o r s
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]n this section, wc explore how our ‘J’RGII distance to NGC 3379 can be applied to

c.alibratc some of the l’opulatioll  II secondary  distance indicators. We arc not by any means

providing the new calibrations for these mct}lods;  rather our purpose here is to demonstrate

as an exercise how the problem of the lack of solid calibrators in the Population 11 methods

could be solved,

Surface Ilrightness  Nuct uations: ‘1’his method  is primarily applied to giant

elliptical galaxies. It basically IIicasurcs  the sccollcl momcllt  of the luminosity function,

which is a calibrated functiou  of the (V – {) color (~’onry 1991, Jacoby  et al. 1992). “

Application of the S13F method to nearby clus!crs shows that it has  a. small intrinsic

dispersion of + 0.08 to 4:0.15  lnag in the 1- band (rl’onry  1991). IIowever, only one

local calibrator distance was available to ‘J’ollry  (1991), the M31 bulge. Recent cliscovery

of Cepheid  vmiablcs  in M81 (Freedman cl al. 1994), has supp]emcnted  the szmlp]c of

calibrators, but  again, it is the bulge of M81 that is applied in the SIllI’ calibration, It is

uncertain  at present whether a systcmlatic  diflcrcncc  exists bctwccn  these calibrators and

the target galaxies wl)ich arc Illostly  giant  clliptica]  galaxies. IIerc, wc attempt to calibrate

tllc Slll~ method using our ‘J’IKI1 distance to NGC 3379 and show }Iow it can be usccl  to

rcso]ve  this problem.

‘1’llc mean fluctuation ]nagnitudc!  is expressed by

til = c -1 3(V -- l)o~s

wllerc  C is the zero point, for wl~ic}l  ‘J’ollry  (1991) derives C =

!llodulus  is then written as:

(3)

4 . 8 4  Inag.  ‘J’IIc clistmlce

(?,2 -- kf)~]]],l  =- 20~s -- c -- 3(V - l)o~s + 0.80.A},, (4)

wllcrc  AB is t}lc  cxtillctioll  ill 11- ba]~d.

Wc rcdcrivc tile  zero point of tllc  Slll~ I] Ictl]od usi])g  t)lc ‘1’ILGII dista)lce to N(:C 3379.



We assulnc  that the distance to M31 is 770 kpc which corresponds to the distance modulus

of 24,43 mag (Frccdmall & Madorc 1990). All the ncccs.sary  data were  taken froxll  Table

2 in Cia.rdullo,  Jacoby & ‘J’onry (1993: CJT). ‘1 ‘he zero point determined by using only

NGC 3379 is –5.26 msg. If wc usc all three galaxies - M31, M81 and NGC 3379- wc obtain
,

--5.05 msg. We will discuss the implications of these zero points later in this section. We

now continue with another secondary distance ilLdicator,  the planetary nebula luminosity

function.

Planetary Nebula  Luminosity Function : The [0111] NiO07 luminosity fulLction

of faint planetary nebulae follows an exponcntia]  law, but at the bright end, the function

a.pparcl)t]y  shows a sharp turnover. The absolute Inagnitudc!  of this truncation point has

been S}]OWJI to hc insensitive to the age and Illctallicity  of the parent stellar population

(Jacoby,  Ciardullo  & Ford 1990). I’bus, the! }’NI,F’ lllcthod  is technically applicable to

all morplw]ogi  cal types of galaxies. There are il( Fact several galaxies for w]lich both

Ccphcid  aI]cl I’NJ,F distances  arc available. AJllollg  the best calibrators (I, MC,  M81, M31,

MIOI ), tllc  agreement bctwcm tile  two distal]ccs is cxccllcllt with a very small dis})crsion

(N2%) (Jacoby  1996). As a~l exercise, wc show tlIc  I’NI,I’ calibration below,  which will Lc

c.olnpa.red  with  that of the S111”  Illcthod  in tllc  Ilcxt  subscctio]l.

‘1’]lc dista]~cc modulus dcterJni~lcd  by the I’N1,F  lllct]lod  is expressed by:

(??2 ‘ M)])  N],]7 ~ (?R* - M’) ‘ ().8~A}j (5)

where Tn* and A4* arc ohscrvcd  and alxolutc  turnoff  ]Ilagnituclc  rcspcc.tivcly.  Agaill,  wc

adopt  tl)c M31 dista]]cc  of 770 kJ}c. Ciarclu]lo  c1 al. (1989) obtaillcd  ~n* = 20.17 ~llag  for

tile M31 bulge.  Substitutil]g  this value into equatiol]  (4), we get M* =- - 4.52. LJsillg  oIlly

t}lc  NGC 3379 data, we obtain  M* =- –4,8]. Calc.ulatiolls  prcsclLted  here applies oI)ly these

galaxies published to date, M31, M81 and NGC 3379.

Wc ]1OW discuss tile  ilI]plicatious  of tllcsc  ~lcw]y  derived zcJ’0  ])oillts of J’NJ,l{’ zuld S111
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Illctllods. .

Comparison of S111” and l}NI,F  IIistancm  : CJ7’  mvicwcd tllc results of tlw

two Illcthods  and ana]yzcd the external al]d intcr~lal errors. Tltcy found that the I’NI,F

distances were systematically larger than tllc  SBI~’  distances by 0.13 ~ 0.05 mag, but

conc]udcd  that this offset was fully  consistcut  with tllc uncertainties in the calibration.

We have rc-calculated the S111” and I)N 1,11’ distance llmluli for eleven galaxies in the

],CO ] group, Virgo and ]Jornax  clusters and four Iloll-clust,cr  galaxies,  which were  takcll

frolll ‘l’able 3 of CJ~’. First, we calculated tl)c two distallcc  moduli  usi]lg  the mean zero

point  of three calibrators, M31, M81 and NGC 3379, ‘J’lmn  the distances were dctcrmincd

by using one calibrator at a tilne.  Usillg  the M31 Lulgc  only, we get a lnean diffcrcncc  of

--0. ] 73:0,05 ]nag,  which is consistent with the wduc dcterlllillcd  by CJT. IIowcvcr, we find

that if wc usc NGC  3379 as a sole calibrator, the Inca) diffcrcncc  is rcduccd  to +-0,034- 0.05

l~lag.  If wc usc three calibrators (M31, M81 al~d NCIC, 3379), the meau diffcrc~lce becomes

+ 0.08 :{ 0.05 xnag. The addition of NGC 3379 as a ca,lil)ra.tor  illdccd  shifts t}lc zero point ill

the dircctiml  of better  consistency between tl~c two I)lct})ods. Furtllcrjllorc,  it is cnc.ouraging

that tllc  application of NGC 3379 m a sole calibrator leads to tllc  Inost  co]lsistcnt result

bctwcell  two lnethods,  perhaps because, of tllrcc calibrators, this galaxy is tllc  oI)ly giant

cllipticid galaxy, tllc  salnc Inorphologica.]  tyl)c  as target galaxies for whic]l tllcsc  dis tance

illdicators  arc applied.

1),, - u ]Lelation : ‘1’liis distance cstill)ator,  dcvclopcd  by IIrcsslcr  ct al. (1987),

correlates tllc velocity dispcrsiol]  of elliptical galaxies  wit]) a ])liotolnctric  para)nctcr  1),,,

wllicll is tllc dialllcter at wllic,ll  tl~c illtcgratcd  surfzzcc  briglltllcss  attaills  SOIIIC clcfillcd  va lue .

‘I)llc basic. idea is that for a givcll ga laxy ,  1),, is illvcrscly  proportiol)a]  to tllc distwlcc.

‘1’llis  works because tllc  surface brigl]tllcss  is ilidcpc)ldm)t  of dista.llcc,  (after corlcctillg  for

]<- dillllliil~g aI]d coslnological  effects). JII ]argc  surveys of c]liptica]  galaxic. s, t}IC ]),, - 0
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relation was primarily used to measure the relative distances between clusters of galaxies,

thus the lack of its zero point calibration was I)ot so critical. ‘1’here have been, IIowever,

several attempts at calibrating this relation, including lhessler  (1987) where he used

bulges  of the spiral galaxies M31 and M81. Although the correlation may apply to spiral

bulges, we must recall that the bulges have large rotational velocities in addition to the

random motions measured by a. ‘1’hus the extension of l~n -- a to these objects assulnes

that all spiral bulges  of a given  lu)ninosity  llavc  the same ratio of rotational velocity to

vclocit y dispersion. Pierce (1989) later calibrated tllc 1, — a -- >; relation using two galaxies,

NGC 3377 and NGC 3379, in the l~o I group as calibrators, assuming the distance of 10.0

4: 1.0 Mpc obtained from the I)N1,F  method (Ciardullo,  Jacoby & Ford 1989) calibrated by

Ccphcids  in M31 (hxdman  & Madore 1990). I]owcver,  as we know, the PNI,lI’ method

itself  has an uncertain zero point calibratioll  duc to the small number of calibra~ors.  We

therefore recalibrate the Dn -- a relation using t}lc XICW ‘1’RGII  distance to NGC 3379.

The l~m – u relation is written  as:

log it. = 1 .2010g a -- lo~ ]),* -1 IOg’(1 i ;Z) +- C (G)

wl]crc  1/ is the distance to tile  targ;et  galaxy, and a is its velocity dispersion. ‘1’I]c  third

term on the right-  hand side represents the c.os]]]ological  cor~cction  (I,yIldcn-llcll  ei al.

1988). ‘J’lic  l~n – u distance NC is related to tllc  true distance It via a Mallllquist  correction

rc]ation:

R=- }tcex~)[3.5(o.21 )2/N] (7)

where 0,21 is the dispersion in tlw 1)~ - u relation  (in uliits of in 1)~) a)ld N is tile  Ilulnber of

gala.xics in a group. l“or the I,CO I group, t}lcrc arc two galaxies with 1)~ -- a nlcasurcmwnts,

NGC 3377 and NGC 3379. Substitutirlg  lop, 1),, =. 1.24 and log a = ‘2.303 for NCC 3379

(Faber et al, 1989), wc obtain  the zero poi)lt  of C = 5.50. ‘J’his result will be applied below

to cstil]lat,c  tl]c  value of IIubb]c coI1stant.
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7 . 3 .  D e t e r m i n i n g  110 at the l)istauce  of tl~e  Coma C l u s t e r

OIlc approac]l which circulnvcnts  unccrtailltics  in the Virgo velocity due to peculiar

motions, is to determine }10 at the distance of t}le Coma c.]uster,  using the know]cdgc  of the

relative  distances hetwecn 1,CO,  Virgo and Co]na. These distance ratios arc well determined

from various secondary- distance indicators SUCII as the S] IF, l) NI,I~ and l)n – u (c.~., de

Vaucou]curs  1 993). ‘1’l]e Wxna cluster is also attractive because its peculiar velocity is

]Ic!gligiblc  compared to the rcdsllift.  IIan & Mould  (1992) report that the CoIna rcdshift

with respect to the coslnic  lnicrowavc  bac.kgroul]d  is 7186 km s-l wllilc  its pccu]iar  vc]ocitY

is only 4-804-428 kln  s-l.

R.ccently,  llowcver,  it was reported that tllc  Colna  cluster is likely to consist  of two

compollwlts:  tile central cluster cc]itcrcd  on NGC, 4874 at cz = -I 6, 853 k)n s-1 and allof,}ler

ccntmcd on NGC 4839 at cz = -{ 7, 339 km s- * (Collcss  & lhrmI J 995). ‘1’his suggests that,

c]istallccs  to Co]lla obtaillcd  by various lJlct]lods  could bc affected by a systc!~]latic  error’, if

those  samples !Ilcludcd  a substantial Ilulnbcr  of galaxies ill the subcluster  region arou~~d

NGC 4839. Wc rc analyzed the 1),, --0 data of l’abcr  ci al, (1 989: F’89) ill order to illspcc,t

if tl)c  subclustcrillg  afl(!cts  tllc  nlcasurcnnc~lt  of Colna distance signific.a]itlyo  “1’IIc C o m a

data il) 1“89 is colnpriswl  of 33 clliptic,al  galaxies, 27 of w]]ich  arc located  witl)ill tllc  rllaijl

cluster  dcfinccl  by Collcss  &, I) UIII1. ‘1’]IC Illcall  distaI1cc  lnodulus  of all 33 galaxies is 34.88

Illag,  while that of celltral 27 galaxies is 34.91 IIlag, Furthcrl]lore, it is ]lotcd  that 3 galaxies

in tllc  Jnain  cluster llavc 1),, -- 0 distances larger tllwl  +-12,000 kll] s- 1. If tllcsc  galaxic,s

are cxcludccl  from the sall~ple,  t,hm tl]c  reniaillillg  24 galaxies give tile  Illcal]  velocity of

-~ 7,195 kln  S-” l. Although the three supposedly ‘ba.ckgroulld’  galaxies have sigrlificalit,ly

large dist,allc,es, compared  to  tllc:  IIlcall, givcll that their rcdshifts  do coinciclc with  t}~at  of

tllc  Collla cluster, t}lcy arc probably dyllalllically  associated with  tllc  main c.luslmr,  Wc t]lus

a d o p t  tllc Jnail) COIIIa clustc~ rcds]]ift  of -{ 6,853  :1- l(J()  k]]] S–l.
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‘J’llc difference in distance ~lloduli  betwee~l Colna  a]ld Virgo is p(Coma)--p(Virgo)  ==

3.71 40.10 Inag  (de Vaucouleurs  1993). ‘J’}]c difl’ercnce in those between l,eo  I and Coma is

estimated by examining Dn – o data in 11’89. Applying equation (5), we obtain  p(Coma)

–p(I,eol)  =- 4 .7340.13 lnag. This puts  t})c Colna cluster at p == 35 .024-0 .37  lllag.  The

I]ubb]c  constant is thus 684:13 km s- 1 Mpc-l. We ]Iote  that Tanvir et al, (1995) obtained

]]0 = 694:8  km S ‘1 h!pc-l using the Cepbeid  observations of NGC 3368 in the I,co  I group.

Wc expect that our estimate of 110 agrees very we]] with that of the Cepheid  observations

as wc obtain  the same distance to the I,eo  I group.

8. Unccrta.inties

III ‘l’able 1, wc list both the randoln  and sysienlatic  errors ill tbe dctcrlnination  of the

‘J’lWII distallce  to N(;C 3379 and the detcrlninafioli  of 110 bad on it. OIIC of tbe largest

sysi,cvnatic  unc.crtaillty  likely arises froln  ullccrtaiIltics  ill tlic  ‘1’ltGl]  calibration at tile lligll

cnd  of tllc  mctal]icity  range. We conservatively adopt au uncertainty of 0.1 mag, perlcling an

cllipiricxd calibration of this effect. Altbougll  tlic (Jalactic globular c]ustcr calibratiorl  covers

tile  ulctallicity  range o]lly up to [lje/11] =- --0.7 dcx,  wc Ilotc  that tllcre is a good theoretical

axld ]ullaps  wllpirical rcasoll  to believe t}lat t})c 7’IIGII  lIlagliitudc  s})ould  bc very close

to - 4.0 Irlag cvcul  for higher  ]Ilctallicitics. A li]lcar  fit to the loci of ‘1’lWJI isocllrol\e

midpoints  (SCC l’igurc 2 of Ilica, JIa.rbuy  & Ortolalli  1991) purely as a func.tiol]  of (V – 1)

color sugg(!sts a slope of only J1/6(V --- 1) =. -10.03 lllag/lllag,  dc!fillml  for [ire/ll] irl t}lc

range bctw(!en --1.7 and --0.3 dex. Also, this is confirlilcd  by two of tllc  IIigbmt  mctallicity

Galactic-  bu]gc  globular clusters NGC 6553 and NGC 6528, studied in 1- (V -- 1) by

Ortolani,  IIica & IIarbuy  (1990, 1992). A fit to t}lc upper  cl]vclopc  of RCII stars s}iows t}lat

t)]c ‘1’ll,Gll  t,urlls  OJ] at i141  v - 3.8 I]lag iji tl]csc  supm-  I]lctal- ricl~ c lus te r s .  111 a d d i t i o n ,

t}lem is good cvidellce  for a gradicllt  ill lnctallicity  ill elliptic.als (I)avics c{ a/. 1993, l)avidgc
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& Clark 1994, Thomscn  & }Ia.um 1989) and in surface briglitness  fluctuations i,~ NGC 3379

(Sodcman  & Thomsen  ]995),  Sodcman  & ‘] ’honlsen  find ~}]c! color of (11 --1) =-. 2.02 at tllc

radius of only w 48.5 arcsec,  w}lic]l corresponds to tllc  lnctallicity  of [1’c/11] = –-0,3 clcx

using the formula in Couture et al. (1 990). As indicated in Section 4, we do have good

cvidencc  from various studies that the halo of NGC 3379 is blue cnoug}l  for the application

o f  tllc l,CC cl al. TR.GII calibratio]l. ‘1’hus we feel that the uncertaiI1ty  of 0.1 lI1ag i~l the

distance ]nodulus  is appropriaic  for this application. If, IIowcvm,  tllc! Incta]licity  of the

NGC 3379 }lalo indeed turns cmt to be Inuch  higllcr  tllalL  the value adopted  i]] this paper

(for e.g. [Fe/11] NO.0),  the result would be to niake the ‘1’RGII  fainter. Consequcnt]y,  the

dista]lcc to NGC 3379 would decrease, arid tllc  value  of 110 irl turn would bc larger.

A Inajor source of systwllatic uncertainty in the ‘J’RG1l calibration collles  from

ullcmtailltics  ill the ]Ut I,yr.ae distance! scale for globular clusters, and tllc llletallic.ity

magnitude relation. ‘J’}lc abso]utc  calibration of tllc I’IWII Inct]lod  is based 011 the calibration

of RR ]jyraes i]] Galactic globular clusters. I,ce,  l“recdlnal~ & Madorc  (I 993) aclopted  a

calibration bawd on I,cc,  llell]arquc  & Zi]Jn (1990), wllcrc  A4V(NR) =- 0.17[Fe/11] + 0.82,

=SUtlll  Ilg Y,,, $ L 0.23. We note that the zero point  of this adopted calibra.tioll  is brighter

tl~a]l  that of Carncy,  Stor]ll  & Jor)es (1 992), where i14v(ltlt)  =- 0.15[1’c/11] + 1.00. Our

adopted zero- point Calibra.tioll  is ill  better agrcc]nellt  with that of }Iolte  ( 1 995) bast!d oll

a IIcw calibration of Lllc subdwarf l]laill scqucllcx!,  al) d wit]] that of Walker (1992) based

011 tllc  calibration of J,MC Ccp]ieids. ‘J’he zcrc) points in hot}] of t]lese  cases arc c.loser to

A4v N 0.7 Il]ag. We note that if the Carney  ct al. (tllc intrinsically failltcr  c.alibratio]))  had

bcc!n app]icd  to tllesc  data, tljc distance to NGC 3379 would  Ix s~~lallcr  ((m -- fi4) =- 30.29

IIlag),  tllcrcby raisillg  tl}c value  of 110 at Coll]a  clustm to 74 :1 14. kill S - - l  Mpc--l.

l“illally,  wc! Ilote  that  w}lcn applyil~g tllc  ‘J’ltGll I)lct}lod, we arc colJlparil]g  tllc  h a l o

population of NGC 3379 with t)lat of Galactic globular clusters, which in general l]ave

.,



inkgrated colors that are different from those of elliptical halos. And t}le  color differences

oftcw arc interpreted as a diflcrencc in mean II]ctal]icity.  We are not observing the rcd

giants of globular clusters in NGC 3379. IIowcvcr,  our adopted calibration is based on

globular clusters with a range of rnetal]icitcs.  ‘J’hcn the application of the TRGB method

to tllc halo should  bc valid, as long as tile Inctal]icity  of the halo is not significantly outside

of the calibration mngc.

9. summary

‘1’his  paper reports the detection of rcd gialits  ill a giant elliptical galaxy and explors

how it can  bc used for the calibration of tile secolldar-y distance indicators. Individual

stars identified as the l>opu]ation  11 rcd giant b]anc]l  have been dctcctcd in NGC 3379.

]tquating  the abrupt discontinuity of the apparent lulninosity  fu]lction  at 1 =- 26.2940.14

]Img with tllc  ‘1’RGI1 at Mz =- –-4.0 lnag gives a distallc.c  of 11.4 :{ 1.4 Mpc to NGC 3379.

ltxtrapolating  tllc  I,co J distance to Coma using a well- determined distance ratio of two

groups frolil l)n -- a studies, wc measure J{. at lI]c distance of Collla to bc 684  J 1 km

s’ 1 M])c- 1 . I,co is the ]nost  distant application of tllc  ‘J’ltGll  lnetllod  to date, and is fully

collsistcllt  w i th  the  Ccphcid-based  dista,ncc  to t]lis groL~p as a]so rccc]!t]y  dctcrmincd by

lIS’1’. 111 l’)igurc 5, the comparison of distances derived by Ccp]lcid  1’1, rclatioll  and TRGII

ll~ctllod is SI1OWI],  furt}icr  dclllomtrat,ing  t}lc  accuracy of the “J’l WI1 Illctllod  as a distant.c

indicator.

WC! ]nust  ]]ot, however, bc overly optimistic. At very lligll  Inctallicit,ics  the calibration

of tl~c ‘1’lW1) is ]lot yet W C]] established; but  a.11 cfrort  to obtain  a rnorc  prec.isc calibratioIl

is currc]lt]y being undertaken by us. Co]or  inforJl)a.tio]l  on the NG~ 3379 population]] would

bc cxtrcII]cly  valuab]c  in tl]is regard. Also,  evcll tllougll  wc arc fortu]katm  in the case of

NGC 3379 to  l]avc cllcoul]tcrcd  a rcla,tivcly  sIIIall  pol)ulatio]l  of i]lter]]lcdiate  agc~ AC]]
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stars, this could pose a problem in some galaxies when lneasuring  the ‘1’RGB position using

the l–band  luminosity function, Noncthe]css  this paper gives another solid exatnplc  of how

powcrfu]  and promising the TltGJl  lnetJlod  can bc as a distance indicator and demonstrates

its versatile applicability to various types of galaxies.
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the Jet Propulsion J,aboratory,  California I1]stitute  of Technology, under contract with the
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by JP1,. WI,F was supported ill part hy NS14’  grant AS’T 91--16496.



-26-

IIica, It., IIarbuy,  11. & Ortolani,  S., 1991, AI)J, 382, 1,15

IIurstcin,  1). & IIeiles, C., 1984, ApJS, 54, 33

Capaccioli,  M., Ilcld, E. V., I,orcrlz,  11. & Victri,  M., 1990, AJ, W, 1813

Cia,rdullo,  1/..,  Jacoby,  G. 11. & 11’ord, 11. C., 1989, ApJ, 344, 715

Ciardullo,  R., Jacoby,  G. 11. & Tonry,  J, J,., 1993, ApJ, 419,479

CO]]cS, M. & ]hlllll,  A. M., 1996, ApJ, 458, 435

Couture, J., IIarris, W, E. &, Al]right,  J. W. )1., 1990, ApJ, 73, 671

Da Costa, G. S. & Arlnandrofl,  T. E., 1990, AJ, 100, J62

l}avidgc,  ‘1’. J. & Clark, C. C., 1994, AJ, 107, 946

l)avics,  R. I,., Sadler, 1;. & }’clcticr,  R. F., 1993, MNltAS, 262, 650

dc Va.ucoulcurs,  G., 1975, “Stars and Stellar Systcm)’ Vol. 9, I)llivcrsity  of Chicago l’rcss,

cd. A .  Salldagc,  M .  Sandagc  &, J .  l{ristiwl  .

dc Vaucoulcurs,  G., 1993, ApJ, 415, 10

dc Vaucoulcurs,  C. &, Capacc.ioli,  1979, ApJS, 40, 699

l)rcsslcr, A., l,ylldcm Ilcll, 1)., IIurstcin,  I)., l)avics, R.. I,., l~abcr, S. M., ‘1’crlcvic.11, R, J. &,

Wcgncr, G., 1987, ApJ, 313, 42

l’abcr, S. M., Wcgncr, C., IIurstcin,  D., Davim,  R. 1,., l)rcsslcr,  A., l,yndcm  IIcll,  D. &

‘1’crlcvic}],  lL J., 1989, 69, 763



Fcrrarese et al., 1996, in press

lhccllnall,  W. I,., 1989, AJ, 98, 1285

1~’rcxxlllla.n,  W. 1,. & Madore,  11. F., 1990, ApJ, 365, 186

Frecdrnan, W. I,. & Madore, B. F., 1996, ASI’ Review  Series, ed,  V. Trimble, ‘(Clusters ,

l,ensing  and the Future of the Universe”,

Goudfrooij,  P., IIansen, 1,., Jorgcmscn,  11. E., Norgaa,rd-Nielsen, 11. U., de Jong, ‘1’. & van

dcn Hock, I,. D., 1994, A&AS,  104, 179

Cral]am, J. A. et al., 1996, in preparation

Green, R. M., I)cmarquc,  P. & King, C. IL,, 1987, ‘1’hc Revised Yale  Isochrones  and

I,ulllinosity  l’unct,ions  (New IIavcn:  Yale lJI]iv,  obs

]Iam, M. & Mould> J., 1990, ApJ, 360, 448

IIoltz]na]l,  J. A., ]Iurrows,  C. J., Cascrtano, S., IIcstcr, J. J., ‘1’raugcr,  J. T., Watson,  A. M

& Worthy, G, S., 1996, I)AS1’, 107, 1065

lluttcrcr,  Sasselov  & Schcchter 1995, AJ, 110, 2705

lbcII, 1. Jr. (1988). A. S. I’. ~onf. series, 1, l)mgmss  and Opporttlnitics in Southmt

IImnisphcw  Optical Asironomy,  cds., V. M. llla.Ilco  and M. M. ]’liillips,  p. 220.

II)c]l, 1. /2 lbmzini, A. 1983, ARA&A, 21, 271

Jacoljy,  G. 11. 1996, private collllll~i)licatiolls

.Iacoby,  G. 11., Ciardul]o,  R.. & Ford, 11. C., 1990, ApJ, 356, 332

]KC, S. W., 1977, A&AS, 27, 381



-28-

I,cc,  M. G., Freedman, W. I,. & Madore, 11. F., 1993, ApJ, 417, 553

Madorc, 11. F. & Freedman, W. 1,., 1995, AJ, 109, 1645

Madore, 11. F., Freedman, W. I,. & I,ee,  M. G,, 1993, AJ, 104, 2243

Mould,  J. R. & l)a Costa, G. W., 1988, A. S.}’. Conf.  Series, 1, Progress

in Southern IIemisphere  Optical Astroliolay,  eds,,  V. M. lllanco  al

p. 197

and (

Id M.

opportunities

M. Phillips,

Mould,  J. & Kristian,  J., 1986, ApJ, 305, 591

Mould,  J. R., Kristian,  J. & l)a Costa,  G. S., 1983, ApJ, 270, 471

Ortiz, P., 1990, }’})1) Thesis, University of q’oronto

Ortolani, S., IIarbuy, 11. & IIica, It., 1990, A&A, 236, 362

Ortolani,  S., IIica, E. & ]Iarbuy,  11., 1992, A&AS,  92, 441

l)ahre, M. A. & Mould,  J. R., 1994, ApJ, 433, 567

l)icrce, M. J., 1989, ApJ, 344, 1,57

Sakai,  S., Madorc,  1]. F. &, 10wcdI])aTL,  W. I,., 1995, ApJ, ili press

Sodcn]an, M. & ‘J’ho~nsell,  11., 1994, A&A, 292, 425

Sodcman,  M. & ‘1’homsc]l,  11., 1995, AJ, 110, 179

Stetson, P. 11., 1987, I’ASI’,  99, 191

Stetson> P. D., 1994, }’AS1’, 106, 250

St~tsO1l,  1’. 11., 1995, }’rivate  ColIllllllllicatioll



-29-

‘] ’anvir,  N. It., Shanks, 1’., Ferguson,  11. C. & I{obiIlsoH,  1). It. ‘I’., 1995, Dlaturc, 377, 2 7

Thomscn,  11. & JIaum, W. A., 1989, ApJ, 347, 214

‘lbnry,  J. I,., 1993, private communicatioll,  quoted  by Pahrc & Mould  1994

‘Rmry, J. J,., Ajhar, E. A. & I,uppino,  G. A., IWO, AJ, 100, 1416

‘I’his lnalluscript  was prepared  wit]) tllc  AAS IN1’lJ>  ]IIMXOS v3.O.



- . 30 .

Nigurc Captions

1~’igurc 1: 1’0SS- 1 print of the area observed by 11ST.

Figure 2: Reproduction of a KPNO 4m .CCD fralne  covering a region ** X ** arcmin

in the J,co I Group. 7’I]c WII’PC-2 footprint is shown, ccntcrcd 6 arcmin cast of the giant

elliptical galaxy NGC 3379.

Figure 3: ] –band luminosity function histograms of stars found in the halo of

NGC 3379.

Figure 4: Kernel-smoothed luminosity functions (top) and their corresponding

edge detection response functions (bet tom). The Sobel response function applied to the

logarithlnic  luminosity function was weighted by suare root of the number of stars involved

ill the calculation.

Figure 5: ‘1’RGII edge detection response histograI1l  from 500 iterations (see text for

details). All ‘signals’ for 1 hrightcr than 26.0 lnag arc very likely noise, making the T’RGT1

detcc.tion  nlorc  pro]nincnt.

Figure, 6: Schelnatic.s  showing the geou]ctry  of l,oc.al  Group, Ixo I Group and Virgo

cluster used i]] our simple Virgoccntric  infall  model of tile  velocity c.omponcnts  (right panel).

11’igure  7: Comparison of  distances obtaiIled  by the TIWII Inethod  and Cepheid }’1,

relatio]].  ‘1’IIc solid line is ]Iot a fit to the data but rather a unit slope, zero- offset line.
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Tal)lc  1

Error IIudgct

..-.

Source

Random Errors:

Galactic extinction

Tip Measurement

I,eo-Coma IIistancc Ratio (I),, --a)

Velocity of Coma (3-100 km s-l)

Tota l  Random lJnccrtainty

Systematic Errors:

. . —.——.

RR IJyrac ]“)istancc Scale  Zero  ]’oint

T1l.Gl] Mctallicity Calibratio]l

Photometric zero poi])t (W1’’I’C ‘2)

‘1’otal Systematic Uncertainty

Krror  (mag)

+0.02

+0.05

3’0.13

+0.02

4-0.14

4-0.20

3-0.10

4“0.04

3-0.23
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